Momentum Dependent Charge Excitations of Two-Leg Ladder: 
Resonant Inelastic X-ray Scattering of (La,Sr,Ca)i4Cu2404i 
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Momentum dependent charge excitations of a two-leg ladder are investigated by resonant inelastic 
x-ray scattering of (La,Sr,Ca)i4Cu2404i. In contrast to the case of a square lattice, momentum de- 
pendence of the Mott gap excitation of the ladder exhibits little change upon hole-doping, indicating 
the formation of hole pairs. Theoretical calculation based on a Hubbard model qualitatively explains 
this feature. In addition, experimental data shows intraband excitation as continuum intensity be- 
low the Mott gap and it appears at all the momentum transfers simultaneously. The intensity of 
the intraband excitation is proportional to the hole concentration of the ladder, which is consistent 
with optical conductivity measurements. 

PACS numbers: 74.25.Jb, 74.72. Jt, 78.70.Ck 



I. INTRODUCTION 

Physics in low-dimensional antiferromagnetic spin sys- 
tems has attracted great interest in connection with 
high-Tc superconductivity. A two-dimensional 5 = 1/2 
square lattice, which is a common structure for high- 
Tc superconductors, shows an antiferromagnetic order, 
while strong quantum fluctuation suppresses long-range 
order in a one-dimensional chain. An antiferromagnetic 
5 = 1/2 two- leg ladder lies between the chain and the 
square lattice from a structural point of view. It sur- 
prisingly shows a different magnetic ground state from 
the one- and two-dimensional cases, namely, a spin sin- 
glet state with a finite energy gap [T!|. Furthermore, it 
is predicted that holes introduced into the two-leg lad- 
der tend to form binding pairs through the rung, which 
might condense into superconductivity. A representa- 
tive material system with the hole-doped two-leg lad- 
der is A14CU24O41 {A — La, Y, Sr, and Ca), and Ue- 
hara et al. actually demonstrated superconductivity in 
Sro.4Ca13.6Cu24O41.84 under high pressure 

An important feature of the superconductivity in 
Sri4_^Ca:rCu2404i is that it occurs by carrier doping in 
the low-dimensional antiferromagnetic spin system. This 
feature is common to the CUO2 plane. Therefore, the 
evolution of the electronic structure upon hole doping is 
one of the key issues for understanding superconductivity. 
Furthermore, recent resonant soft x-ray scattering stud- 
ies demonstrated that Sri4_2,Caa;Cu2404i has a quantum 
state competing to superconductivity at ambient pres- 
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sure, namely, doped holes form a Wigner crystal in the 
ladder Differences in the electronic structure of the 

hole-doped states of the two-leg ladder and of the square 
lattice are expected, and they should be clarified in de- 
tail. In this respect, resonant inelastic x-ray scattering 
(RIXS), which has been developed recently by utilizing 
brilliant synchrotron radiation x-rays, is a suitable ex- 
perimental tool. It can measure charge dynamics with 
momentum resolution, and the electronic excitations re- 
lated to the Cu orbital are resonantly enhanced by tuning 
the incident photon energy to the Cu K-edge. RIXS has 
been applied so far to some high-Tc superconductors and 
their parent Mott insulators to measure the interband ex- 
citation across the Mottgap and the intraband excitation 
below the gap [1, H, 0, [I i [M [O, [ll ■ 

In this paper, we report on RIXS study of 
(La,Sr,Ca)i4Cu2404i, focusing on the electronic excita- 
tions in the ladder. We find that the interband excitation 
across the Mott gap has characteristic dispersion along 
the leg and the rung and is insensitive to hole doping, in- 
dicating that two holes form a bound state through the 
rung. The obtained momentum dependent RIXS spectra 
are qualitatively reproduced by a theoretical calculation. 
We also find that the intraband excitation appears at all 
momenta simultaneously and its intensity is proportional 
to the hole concentration of the ladder. 

(La,Sr,Ca)i4Cu2404i is a composite crystal in which a 
two-leg ladder and an edge-sharing chain coexist with dif- 
ferent periodicity. In the parent Sri4Cu2404i, the nomi- 
nal valence of Cu is +2.25 and holes are predominantly in 
the chain sites. Substitution of Ca for Sr brings about a 
transfer of the holes from the chain to the ladder ,2^, jj] . 
On the other hand, holes decrease in both chain and lad- 
der sites when the concentration of trivalent La increases. 
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We select three representative compositions; parent 
Sri4Cu2404i, La5Sr9Cu2404i, and Sr2.5Caii.5Cu2404i. 
Hole concentration of La5SrgCu2404i is very small in 
both ladder and chain, while Sr2.5Caii.5Cu24 04i has 
enough holes in the ladder to become a superconduc- 
tor under high pressure [isj . In order to distinguish ex- 
citations of the ladder from those of the chain, we also 
measured RIXS spectra of Ca24-^Y2_xCu50io which only 
contains edge-sharing chains [la| . 

This paper is organized as follows. After the descrip- 
tion of the experimental procedures in the next section, 
we first present incident energy dependence of the parent 
Sri4Cu2404i in Sec. Ill A. Then we show in Sec. Ill B 
that the excitation observed at 2-4 eV in the RIXS spec- 
tra originates from the ladder. Momentum and doping 
dependence of the interband excitation across the Mott 
gap and of the intraband excitation below the gap are 
presented in Sec. Ill C and III D, respectively. The in- 
terband excitation is compared with a theoretical calcu- 
lation. Finally, we summarize our work in Sec. IV. 



II. EXPERIMENTAL DETAILS 

RIXS experiments were performed at BLllXU of 
SPring-8, where a spectrometer for inelastic x-ray scat- 
tering is installed 17*1 . Incident x-rays from a SPring-8 
standard undulator were monochromatized by a Si (111) 
double crystal monochromator and a Si (400) channel- 
cut monochromator. Horizontally scattered x rays were 
analyzed in energy by a spherically bent Ge (733) an- 
alyzer. Total energy resolution estimated from the full 
width at half maximum (FWHM) of the elastic scatter- 
ing is about 400 meV. We use Miller indices based on a 
face centered orthorhombic unit cell of the ladder part to 
denote absolute momentum transfer. The a and c axes 
are parallel to the rung and the leg, respectively, and the 
lattice parameters are a — 11.462 A, b = 13.376 A, and 
ciaddcr = 3.931 A for Sri4Cu2404i [l3| . The unit lattice 
vector of the chain is Cchain — 0.7ciaddor- 

Single crystals of (La,Sr,Ca)i4Cu2404i fl^ and 
Ca2+a;Y2_a;Cu50io [l^ wcrc grown by the traveling- 
solvent floating-zone method. The surface normal to the 
stacking direction (6 axis) was irradiated by x-rays. They 
were mounted so that the be plane was parallel to the 
scattering plane when the a* component of the momen- 
tum transfer was zero. Because the momentum depen- 
dence along the b axis is expected to be very small, we se- 
lected the 6* component of the momentum transfer where 
the scattering angle {29) was close to 90 degrees; namely, 
where the momentum transfer is Q = (iJ, 13.5,L) for 
Sri4Cu2404i and La5SrgCu2404i and Q — {H, 12.8, L) 
for Sr2.5Caii.5Cu2404i. It enabled us to reduce the elas- 
tic scattering significantly by the polarization factor of 
the Thomson scattering p]. All the spectra were mea- 
sured at room temperature. 




8980 ^ ' ' ' ' ' JLL^ — ■ — • — ^ 

-1 1 2 3 4 5 1 

Energy Loss [eV] Intensity [arb. units] 

FIG. 1: (color online) (a) Incident energy dependence of RIXS 
spectra of Sri4Cu24 04i. The incident energy for each scan 
can be read from the vertical axis, (b) Fluorescence spectra 
of e* II b (solid line) and e* || c (broken line). The arrows 
indicate incident energies where inelastic scattering at 2-4 eV 
is resonantly enhanced. 



III. RESULTS AND DISCUSSION 

A. Incident energy dependence 

In Fig. [BJa), we plot the incident energy {Ei) de- 
pendence of the RIXS spectra of Sri4Cu2404i near the 
Cu A'-edge. The momentum transfer here is fixed at 
Q = (0, 13.5, 0), which corresponds to the Brillouin zone 
center of the ladder and the chain. Excitation at 2-4 
eV is resonantly enhanced near 8984 and 8993 eV. Fig- 
ure mb) shows the x-ray absorption spectra (XAS) of 
Sri4Cu2404i. The spectra were measured by the total 
fiuorescence yield method. The photon polarization (e) 
in the spectrum of e* || & is perpendicular to the lad- 
der plane and the Cu-0 plaquettes of the chain. On 
the other hand, the polarization is parallel to them in 
e II c. Each spectrum has two peaks. By analogy 
with the Cu02 plane [1^, we can assign the peaks at 
lower energies (8985 and 8995 eV) and higher energies 
(8992 and 9000 eV) to the well-screened (IsSd'^^Mp) and 
poorly-screened (IsScPAp) core hole final state, respec- 
tively, where L denotes the hole in a ligand oxygen. 

In general, a resonant energy of inelastic scattering is 
close to a peak in the absorption spectrum because the 
final state of XAS corresponds to an intermediate state 
of RIXS process. The polarization of the incident photon 
(si) is almost parallel to 6-l-c at Q = (0, 13.5,0), where b 
and c are the unit vectors along the b and c axes, respec- 
tively. Therefore, the c-component in Si is responsible 
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FIG. 2: (color online) Crystal structure of (a) 
(La,Sr,Ca)i4Cu2404i and (b) Ca2+2:Y2-iCu50io. (c) 
RIXS spectra of Sri4Cu2404i and Ca2Y2Cu50io. The 
experimental configurations of these spectra are shown by 
arrows in (a) and (b). Here ki and fc/ are the wave vectors 
of incident and the scattered photons, respectively, and Si is 
the polarization of the incident photon. 



for the resonance at 8984 eV, while the 6-component in 
Ei contributes at 8993 eV. In other words, the resonant 
enhancement of inelastic scattering occurs slightly below 
the well-screened states in Sri4Cu2404i. Incident pho- 
ton energy is fixed at either 8984 eV or 8993 eV in the 
following spectra. 



B. Assignment of 2-4 eV excitation 

In order to distinguish excitations of the ladder 
from those of the chain, we compared RIXS spec- 
tra of Sri4Cu2404i to those of Ca2Y2Cu50io which 
only contains edge-sharing chains. The crystal struc- 
ture of (La,Sr,Ca)i4Cu2404i and Ca2+£!;Y2_a;Cu50io 
are presented in Figs, ^a.) and (b), respectively. In 
(La,Sr,Ca)i4Cu2404i, the ladder layers and the edge- 
sharing chain layers are stacked alternatively along the 
b axis, and the cations are inserted between the lay- 
ers. On the other hand, Ca2+a;Y2-2:Cu50io contains 
only edge-sharing chain layers |2l|. In this sense, 
Ca2+xY2-a;Cu50io is a suitable material of edge-sharing 
chain to compare with (La,Sr,Ca)i4Cu2404i . 

In Fig.[2Ic), we show the RIXS spectra of Sri4Cu2404i 
and Ca2Y2Cu50io. Both spectra were measured at the 



Brillouin zone center of the chain and the ladder and at 
the same incident photon energy Ei = 8993 eV. Polar- 
ization of the incident photon is also the same, as shown 
by the arrows in Figs. Ufa) and (b). The excitation at 
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FIG. 3: (color online) (a) RIXS spectra of Sri4Cu2404i at 
Q = (0,13.5,1/) (0 < L < 1). Filled circles are experimen- 
tal data and the lines are results of fitting described in the 
text. Solid lines are the overall spectral shape which is the 
sum of elastic line, Mott gap excitation (dashed lines), and 
the excitations at 5 eV and 8 eV (dotted lines), (b) Disper- 
sion relation of the 2-4 eV excitation. Solid thick line is a 
guide to eyes. The peak position is folded at L = 0.5 which 
corresponds the Brillouin zone boundary of the ladder. 



2-4 eV is almost absent in Ca2Y2Cu5 0io except for a 
very weak peak at 2 eV, while it has large intensity in 
Sri4Cu2404i. This is clear evidence that the RIXS in- 
tensity at 2-4 eV in Sri4Cu2404i comes from the lad- 
der. In Ca2+2;Y2_KCu50io, we can introduce holes in 
the chain by substituting Ca for Y (a:) . All the Cu atoms 
are divalent at x = 0. It is notable that RIXS spectra 
of Ca2+2:Y2~a;Cu50io are almost independent of x. De- 
tailed results regarding Ca2+a;Y2_xCu50io will be pub- 
lished elsewhere. At a higher energy region, the RIXS 
spectra of Ca2+xY2-2;Cu50io is similar to those of an- 
other cuprate composing edge-sharing chains, Li2Cu02 
[2^ . that is, peak features are observed near 5.5 eV and 
8 eV. 

Another piece of evidence is the momentum depen- 
dence which was measured across a Brillouin zone bound- 
ary. Fig. [3]^a) shows RIXS spectra of Sri4Cu2404i at 
Q = (0, 13.5,L) (0 < L < 1). Incident photon energy 
[Ei) is 8993 eV. In order to elucidate the dispersion re- 
lation qualitatively, we analyzed the observed data by 
fitting. The tail of the elastic scattering or quasielastic 
component on the energy loss side was evaluated from 
the energy gain side. We approximated the excitation at 
2-4 eV by an asymmetric Gauss function. Four param- 
eters, peak height, peak position, and two peak widths 
are variable from spectrum to spectrum. Different val- 
ues are used for the width above and below the energy 
of the peak position. When a symmetric Gauss function 
was used, we obtained qualitatively similar results. In 
addition, the excitations 5 eV and 8 eV were included as 
Gauss functions. This fitting analysis well reproduces the 
spectral shape at all the momenta, as shown by the solid 
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FIG. 4: (color online) RIXS spectra of (a) La5SrgCu24 04i , 
(b) Sri4Cu2404i, and (c) Sr2.5Caii.5Cu2404i. Filled circles 
are experimental data and the lines are results of fitting. Solid 
lines are the overall spectral shape which is the sum of elastic 
line, Mott gap excitation (dashed lines), and the excitations 
at 5 eV and 8 eV (dotted lines), (d) Dispersion relation of 
the Mott gap excitation. 



lines in Fig. [3{a). The obtained peak positions of the 
2-4 eV excitation are plotted as a function of momen- 
tum transfer along the leg direction in Fig. [3]Jb). The 
Brillouin zone boundary of the ladder is L = 0.5 while 
that of the chain is -L ~ 0.7. It is clear that the spectra 
are folded at L = 0.5, and this result also confirms that 
the excitation at 2-4 eV comes from the ladder. Further- 
more, in accordance with optical conductivity measure- 
ment [13, , we attribute it to the excitation across the 
Mott gap, more precisely from the Zhang-Rice band to 
the upper Hubbard band, of the ladder. 



C. Interband excitation 

We discuss the momentum and doping dependence 
of the Mott gap excitation in this section. Fig- 
ure m shows the momentum dependence of the spec- 
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FIG. 5: The RIXS spectra of undoped {ph = 0, left panel) and 
hole-doped {ph — 2/16 = 0.125, right panel) 2x8 Hubbard 
ladder model. The model parameters are U/t — 10, Uc/t = 
15, r/t = 1 with t — 0.35 eV. The 5 functions are convoluted 
with a Lorentzian broadening of t. 



tra of (a) La5Sr9Cu2404i, (b) Sri4Cu2404i, and (c) 
Sr2.5Caii.5Cu2404i. These spectra were measured at Ei 
=8984 eV. Hole concentration in the ladder is smallest in 
La5Sr9Cu2404i while it is largest in Sr2.5Caii.5Cu2404i. 
Here we consider momentum transfer along the rung di- 
rection in addition to the leg one. The reduced momen- 
tum transfer g is represented as q= ((?rung, 9icg) and grung 
is either or tt. We performed the same fitting analysis 
as in the previous section and the obtained dispersion 
relations are summarized in Fig. Hl^d). The Mott gap 
excitation seen at 2-4 eV shifts to higher energy with 
9icg- When the spectra are compared along the rung di- 
rection, the spectral weights of the Mott gap excitation 
of q — (tt, tt) are located at a slightly higher energy re- 
gion than those of g = (0,7r). We emphasize that these 
features of the momentum dependence are similar in the 
three compounds, even though peak positions shift to 
higher energy with increasing the hole concentration in 
the ladder, probably due to the shift of Fermi energy. 

The effect of hole doping on the dispersion relation of 
the ladder is smaller than that of the two-dimensional 
square lattice. In La2-2;Sr2;Cu04 {x = 0.17) Q, the dis- 
persion of the onset energy of the Mott gap excitation 
becomes smaller than that in the undoped case, which 
is related to the reduction of the antiferromagnetic spin 
correlation by the hole doping |23| ■ Note that the present 
RIXS spectra of the ladder along the leg direction is also 
different from that of the corner-sharing chain system in 
which the RIXS intensity accumulates in a narrow energy 
region at the Brillouin zone boundary d, [2^ [2^ . 

In order to confirm the characteristics of the ladder 
theoretically, we carried out the calculation of the RIXS 
spectrum by using the numerically exact diagonalization 
technique on small clusters. Mapping the Zhang-Rice 
band onto the lower Hubbard one [27[, we employ a 
single-band Hubbard ladder model. The model includes 
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the hopping term of the electrons (t) and the on-site 
Coulomb interaction term {U). The RIXS spectrum is 
expressed as a second-order process of the dipole tran- 
sition between Cu Is and 4p orbitals, where a Coulomb 
interaction between the Is core and the 3d electron, Uc, 
is explicitly included [1^. The values of the model pa- 
rameters are set to be U/t = 10, Uc/t = 15 with t = 0.35 
eV. The inverse of the life time of the intermediate state 
is assumed to be F/i = 1. 

Figure [5] shows the calculated RIXS spectra for un- 
doped (left panel) and hole-doped (right panel) cases, 
where hole concentration is ph = 2/16 = 0.125 in the 
latter case. We find characteristic features in the spectra 
which are similar to observed ones. The peak position of 
the spectrum at gjcg = tt is located at a higher energy 
than that at qi^g — for each qmng- Furthermore, the 
spectral weight at q — (tt, tt) is higher in energy than 
that at g = (0, tt). The feature that the energy position 
at (tt, tt) is higher than that at (0, tt) is similar to that 
of the undoped two-dimensional square-lattice case [1^ . 
On the other hand, the doping dependence of RIXS spec- 
tra is different from that of the square lattice. While the 
momentum dependence of the RIXS for the Mott gap ex- 
citation changes in the square lattice upon doping [24] , it 
does not change in the ladder. In addition, the spectral 
weight shifts to a higher energy after hole doping, which 
is also consistent with the experimental results. Thus we 
conclude that the effect of hole doping seen in Fig. [4] is 
characteristic of the ladder. 

In the square lattice system, momentum dependence 
of the Mott gap excitation spectrum is significantly in- 
fluenced by the antiferromagnetic spin correlations. The 
spectrum becomes broad and has a weak dispersion upon 
hole-doping, reflecting the decreasing of the antiferro- 
magnetic spin correlation [23|. On the other hand, it 
is established by various experiments, such as inelastic 
neutron scattering NMR [13, IHl, HI , and thermal 
conductivity [l^ , that the spin gap of the ladder robustly 
persists irrespective of the hole concentration. The holes 
introduced into the ladder can be paired so as not to de- 
stroy the local singlet states along rungs in the undoped 
Cu sites. Since the Mott gap excitation occurs at un- 
doped Cu sites, our RIXS result that the excitation in 
the ladder is insensitive to the hole doping can be under- 
stood in the scheme of the hole pair formation. Both the 
results of the Cu02 plane and the ladder show that the 
hole doping effect on the Mott gap excitation is related 
to the underlying magnetic states, that is, spectral shape 
in La2-a;Sr3;Cu04 changes upon hole doping associated 
with the reduction of the antiferromagnetic correlation, 
while the Mott gap excitation of the ladder is unchanged 
as the spin gap state is. 

Based on a resistivity measurement under high pres- 
sure, it has been proposed that holes conflned in a lad- 
der begin to move along the rung direction beyond the 
ladder and the s pin gap collapses when superconduc- 
tivity occurs [33l. l34j. Since x-rays at the Cu K-edge 
pass through a pressure cell, such pressure-induced di- 
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FIG. 6: (color online) (a) Comparison of the RIXS spectra 
of (La,Sr,Ca)i4Cu2404i which shows the hole-doping depen- 
dence. The spectra are normalized to the intensity of the Mott 
gap excitation at 2-4 eV. (b) Intensity of the intraband exci- 
tation as a function of momentum, (c) Momentum-averaged 
intensity shown in (b) plotted against the composition. The 
solid line shows the effective valence of Cu in the ladder deter- 
mined from the optical conductivity in Ref . [iJl . The symbols 
in (b) and (c) denote the same composition as those in (a). 



mensional crossover may be detectable by RIXS in the 
future. 



D. Intraband excitation 

Next we discuss the intraband excitation in the lad- 
der. In doped Mott insulators, two kinds of excitations 
appear in the RIXS spectra. One is an interband excita- 
tion across the Mott gap. This excitation is observed at 
2-4 eV in (La,Sr,Ca)i4Cu2404i, and its dispersion rela- 
tion is independent of the hole concentration of the lad- 
der, as discussed in the previous section. The other ex- 
citation appears as continuum intensity below the Mott 
gap energy (~2 eV) when holes are doped. This exci- 
tation is related to the dynamics of the doped holes in 
the Zhang-Rice band and we call it intraband excitation. 
In Fig. [S] (a), we replot the RIXS spectra in Fig. [D(a)- 
(c), where the spectra are normalized to the intensity at 
2-4 eV. Normalization factors are 1.8, 1.0, and 0.85 for 
La5Sr9Cu2404i, Sri4Cu2404i, and Sr2.5Caii.5Cu2404i, 
respectively, and the intensity multiplied by these values 
are presented in Fig. [6] (a). The normalization factors are 
common for all the momenta. The intraband excitation 
in the ladder exhibits weak momentum dependence, and 
appears at all momenta simultaneously. The intensity is 
largest in Sr2.5Caii.5Cu2404i, which is expected judging 
from the hole concentration in the ladder. 

In order to analyze the intraband excitation semiquan- 
titatively, we estimate the intensity of the intraband ex- 
citation (/intra) by 



1 



(1) 



where is RIXS intensity at the energy loss of uj in 
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Fig. ^a) and S is hole number per one Cu atom in the 
ladder. The effective valence of the Cu atom in the ladder 
is represented as 2 + 5. Here we use the term "effective 
valence" because doped holes are predominantly occupy 
the O 2p orbitals in the copper oxides. We subtracted 
the intensities of < (anti-Stokes region) to remove 
the quasielastic component. Assuming that the intensity 
of the Mott gap excitation at 2-4 eV is proportional to the 
number of occupied electrons (1 — (5), we divided I(u i) by 
1 — S, where the effective Cu valence given in Ref. [1^ was 
used for 5. The obtained /intra is a reasonable estimation 
of the intensity of the intraband excitation normalized 
to the intensity of Mott gap excitation in each mate- 
rial. We plot /intra as a function of momentum transfer 
in Fig. ini^b). The spectral weight of the intraband in- 
tensity is rather independent of the momentum transfer, 
even at a low hole concentration in Sri4Cu2404i. In con- 
trast, the doping effect on the intraband excitation in 
the two-dimensional La2_2;Sr2.Cu04 exhibits momentum 
dependence; that is, a low energy continuum appears at 
q = (0, 0) and (tt, 0) at the optimum doping 2] and it ex- 
tends to (tTjTt) at the overdoping We took the aver- 
age of the intensity for all momenta for each composition 
and plotted them in Fig. ^c) . We also show the relation 
between the composition and effective Cu valence of the 
ladder determined from the optical conductivity which 
is a probe of the charge dynamics at q ~ 0. The RIXS 
intensity of the intraband excitation is proportional to 
the effective Cu valence, namely, hole concentration in 
the ladder, being consistent with the doping dependence 
of optical conductivity reported previously This is 
the first evaluation of the intraband excitation by RIXS 
as a function of the hole concentration and the fact that 
the intraband excitation seen in RIXS spectra is propor- 
tional to the carrier number is quite reasonable. Our 
results demonstrate that RIXS has a great potential to 
reveal the momentum-dependent charge dynamics below 
the Mott gap, which is important in the physics of doped 
Mott insulators. 



IV. SUMMARY 

We have performed a RIXS experiment on 
(La,Sr,Ca)i4Cu2404i to measure the charge dynamics 
in the two-leg ladder. We found resonantly enhanced 
excitations at 2-4 eV near the well-screened intermediate 
states. By distinguishing these from the excitations 
in the edge-sharing chain, we successfully observed 
ladder components of both interband excitation across 
the Mott gap and intraband excitation below the gap. 
The interband excitation has a characteristic dispersion 
along the leg and the rung and it is insensitive to 
hole doping, indicating that two holes form a bound 
state. These momentum dependent RIXS spectra can be 
qualitatively reproduced by a theoretical calculation. On 
the other hand, the intraband excitation appears at all 
momenta simultaneously and is proportional to the hole 
concentration of the ladder. These characteristics of the 
RIXS demonstrate that the evolution of the electronic 
structure upon hole doping is different from that of the 
Cu02 plane. 
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